Abstract: The instability of implants after placement inside the body is one of the main obstacles to clinically succeed in periodontal and orthopedic applications. Adherence of fibroblasts instead of osteoblasts to implant surfaces usually results in formation of scar tissue and loss of the implant. Thus, selective bioadhesivity of osteoblasts is a desired characteristic for implant materials. In this study, we developed osteoselective and biofriendly polymeric thin films fabricated with a simple phase separation method using either homopolymers or various blends of homopolymers and copolymers. As adhesive and proliferative features of cells are highly dependent on the physicochemical properties of the surfaces, substrates with distinct chemical heterogeneity, wettability, and surface topography were developed and assessed for their osteoselective characteristics. Surface characterizations of the fabricated polymer thin films were performed with optical microscopy and SEM, their wettabilities were determined by contact angle measurements, and their surface roughness was measured by profilometry. Long-term adhesion behaviors of cells to polymer thin films were determined by F-actin staining of Saos-2 osteoblasts, and human gingival fibroblasts, HGFs, and their morphologies were observed by SEM imaging. The biocompatibility of the surfaces was also examined through cell viability assay. Our results showed that heterogeneous polypropylene polyethylene/polystyrene surfaces can govern Saos-2 and HGF attachment and organization. Selective adhesion of Saos-2 osteoblasts and inhibited adhesion of HGF cells were achieved on micro-structured and hydrophobic surfaces. This work paves the way for better control of cellular behaviors for adjustment of cell material interactions. 
INTRODUCTION
Use of metal implants to replace hard tissues has been an important means of treatment for many types of hard tissue injuries and degeneration in periodontology and orthopedics. Biocompatibility of implants after placement inside the body is a prerequisite for these treatments. Material implantation is followed by inflammatory response in the body, which results in encapsulation of the material surface with fibrous tissue. Fibrous tissue limits the success of osseointegration of the implants. 1 Thus, rapid bone ingrowth around the implant site is very important to enhance osseointegration and thereby stability and lifetime of the implant. 2 Materials that aim to improve the osseointegration capability of the implants should have enhanced affinity to bone cells and decreased affinity to fibroblasts. Adherence of osteoblast or fibroblast cells onto an implant surface is mediated with an adsorbed protein layer on top of the surface which serves as ligands for cell receptors. 3 The amount and conformation of adsorbed proteins (e.g., fibronectin, collagen, and laminin) on the surface in turn alter adhesion, spreading, proliferation, and differentiation behaviors of cells. Cell adhesion on implants is a complex process since physicochemical properties of surfaces influence the nature of binding. Response of cells to the surface varies according to materials' chemical composition, surface wettability, surface energy, surface charge, and topography. 4 Recent studies demonstrate that hydrophobic materials show higher protein adsorption when compared to hydrophilic surfaces; therefore, cellular activity is enhanced on these surfaces. [5] [6] [7] [8] There are also studies demonstrating the importance of hydrophilicity for enhanced cell activity and growth. [9] [10] [11] Variations among these studies indicate the contribution of other factors affecting cell adhesion and function. Influence of surface topography on adhesion of osteoblast cells is known to be very important. Micro and nano structures alter cellular behaviors; and therefore, can improve fixation of implant and rate of osseointegration. 12, 13 Micro-scale surface roughness also regulates cell adhesion by affecting
Additional Supporting Information may be found in the online version of this article. 19 and laser-guided cell-writing. 20 However, these techniques require expensive coatings and chemicals, and complex methodologies. Moreover, their scaling up for coating of larger areas of implants is not convenient. Polymer thin films have been widely used for biomedical applications because of their great versatility in chemical groups and their ease in processing. 21, 22 Polymeric surfaces with micro-and nano-rough morphologies can be obtained by a simple phase separation method using cheap commercial polymers. 23 In this study, various micro-structured polymer surfaces with distinct wettability and chemical heterogeneity were fabricated by a simple phase separation process using solvent/non-solvent mixtures. Thin films on the surfaces were prepared by either homopolymers or blends of homopolymers and copolymers. Substrates having different sized micropatterns were obtained by mixing polymer blends in various concentration ratios with a non solvent. Immiscibility of the mixed polymers determined the morphology of the thin films. Dip-coated polymer blends on coverglass slides led to formation of either pits or islands on the surfaces with varying diameters. Then a combined systematic screen was applied to Saos-2 human osteoblast-like cells and human gingival fibroblasts (HGFs) to investigate their shortand long-term adhesion profiles on these surfaces to finally prescribe an optimal interface of osteoselective ability. The rapid adhesion and spreading of cells on the surface involves van der Waals interactions, ionic forces, hydrogen bonding, and electrostatic interactions. Conversely, long-term adhesion requires cell-cell interactions and cell-surface interactions which are governed by extracellular matrix proteins, cell membrane proteins, and cytoskeletal proteins that regulate cell signaling. Cell signaling in turn affects cell spreading and proliferation. As a result of our analysis, the combination of polypropylene polyethylene (PPPE) copolymer and polystyrene (PS) homopolymer with the addition of non-solvent EtOH was found to enhance adhesion of osteoblast-like cells and decrease adhesion of fibroblasts. Other surfaces showed a still selective but opposite profile where fibroblast adhesion was enhanced and osteoblast adhesion was decreased. These results indicate that cell selective surfaces that can be used for implant coatings can be produced with this economical and easy to scale-up method.
MATERIALS AND METHODS

Materials
Polyvinyl alcohol (PVOH, Merck, MW 5 160,000), polystyrene (PS, Sigma Aldrich, MW 5 350,000), high-density polyethylene (HDPE, Basell, HOSTALEN-GM8255, MW > 1,000,000), and polypropylene-polyethylene copolymer elastomer containing 12% polyethylene content by weight (PPPE, Dow Chemical, VERSIFY 2300) were purchased and used as received. These polymers were dissolved in tetrahydrofuran (THF) (Merck), xylene, and toluene solvents (Tekkim, Turkey) to prepare polymer solutions. Ethanol (Merck) was used as non-solvent. Ultrapure water, diodomethane (MeI 2 ), formamide, a-bromonaphthalene, and ethylene glycol (all from Merck) were used as contact angle drop liquids. Round glass coverslips (Thermo Scientific) with diameters of 13 and 15 mm were used as substrates to be coated by the polymer films after cleaning with chromic acid solutions. Ultrapure water was used for the final cleaning of the glass slides. Twenty-four-well plates were obtained from BD. All other materials used in this study were analytical grade and purchased from Invitrogen and Sigma-Aldrich.
Preparation of homopolymer and copolymer films PVOH was dissolved in water, PS in toluene, HDPE in xylene, and PPPE in THF solvents at a concentration of 10 mg/mL. Non-solvent ethanol (EtOH) was added to PS and PPPE polymer solutions which were prepared in THF solvent at various ratios (4%, 10%, 14%, and 18% v/v). Round glass coverslips were coated by dip coating in these polymer solutions. The withdrawal rate of the mechanical dipper was varied between 320 and 764 mm/min. Round glass coverslips were kept in the polymer solution for 1 min to reach thermal equilibrium, and then withdrawn at a constant speed. Dip coating was applied at room temperature for PVOH and PS polymers; at 60 C for PPPE; and at 115 C for HDPE. Surface roughness and the shape and size of the formed patterns on the samples varied due to phase separation of polymer chains during sample removal, depending on the rate of solvent evaporation. Surface sulfonation was performed by submerging the PS samples in a solution of sulfuric acid (60 vol %) for 24 h. Sulfonated PS surfaces (PS-S) were rinsed in deionized water, and air-dried.
Coated polymer films were kept in a desiccator for 3-4 h and completely dried in a vacuum oven at 40 C overnight. The thicknesses of the coatings were calculated from the weight increase on the glass slides before and after dip coating using the density of the polymer and total coated area. The thicknesses of the coatings varied between 0.5 and 2.0 mm.
Preparation of PS/PPPE and PS/HDPE blend films PS and HDPE polymer stock solutions were prepared in xylene solvent; and PS and PPPE polymers were in THF at a constant concentration of 10 mg/mL. These polymers were dissolved at temperatures below the boiling points of their solvents. Blend solutions of PS with PPPE and PS with HDPE were prepared by mixing the individual polymer stock solutions at different compositions at a constant concentration of 10 mg/mL. Blend solutions were stirred mechanically for 2-3 h at 60 C to reach equilibrium when THF/xylene mixture was used and at 115 C when only xylene was used. Pure ethanol (v/v 99.8%) was added drop-wise into the blend solution when non-solvent addition was required to obtain more rough surfaces. Dip coating of the round glass coverslips by blend polymers was performed with a mechanical dipper which moves vertically at a constant removal speed of 320-784 mm/min. Coated polymer films were kept in a desiccator for 3-4 h and completely dried in a vacuum oven at 40 C overnight. The thicknesses of the coatings varied between 0.5 and 2.0 mm.
Characterization of polymers
Static water contact angles under air were measured using a KSV-CAM 200 contact angle meter with a PC controlled motorized syringe within 61 precision. The equilibrium contact angle values (h e ) were determined after the needle was removed from a 5 mL droplet formed on the solid surface. Only the initial values, which were recorded within 2 s following the removal of the needle from the droplet, were reported as h e . In addition, we measured both advancing (h a ) and receding (h r ) water contact angles on the sample surfaces by increasing the volume of the droplets from 3 to 8 mL and decreasing from 8 to 4 mL, respectively, through the needle using the automatic dispenser while the needle was kept within the liquid droplet. The receding contact angles were also measured by drop evaporation method for better precision. 24, 25 The surface topography of rough polymer blends was examined by optical microscopy, 3D profilometry (Nikon, Eclipse-LV100D Microscope with a Clemex Camera using Clemex Professional Edition, Image Analyzing System with 3D Modeling Module and Motorized Stage), and environmental scanning electron microscopy (ESEM, Quanta 200 FEG).
Cell culture and maintenance All in vitro cell culture experiments on polymer-coated surfaces were performed with Saos-2 human osteosarcoma cells (ATCC V R HTB-85 TM ) and human gingival fibroblasts (HGF). HGF cells were kindly provided as a gift from Prof. Dr. A. U. Ural (GATA, Ankara, Turkey). Both cells were maintained in Dulbecco's Modified Eagle Medium supplemented with 10% FBS and 1% penicillin/streptomycin at 37 C in a humidified 5% CO 2 chamber. Media were changed twice weekly and cultures of 90% confluent cells were detached with 0.25% trypsin-EDTA and resuspended in fresh media.
Adhesion, spreading, and cellular morphology analysis of Saos-2 and HGF cells on polymer-coated surfaces All coated surfaces were sterilized under UV light prior to experiments. Before adhesion experiments were performed, cells were incubated in serum-free media containing 4 mg/ mL BSA and 50 mg/mL cyclohexamide for 1 h under standard cell culture conditions (37 C, 5% CO 2 , and 95% humidity). Bare glass surfaces were used as reference material. Polymer-coated and uncoated glass coverslips were placed into 24-well plates and cells were seeded on surfaces at densities of 15,000 cells/cm 2 in serum-free media. After 1 h of incubation, surfaces were washed with HBSS (Hank's Balanced Salt Solution) and remaining attached cells were stained with 1 mM Calcein AM for 30 min. At least five random photos were taken from each well and cells were counted with Image J. To visualize actin cytoskeleton of the cells on substrates, cells were fixed with 3.7% formaldehyde after washing with HBSS, permeabilized with 0.25% Triton-X, stained with TRITC-conjugated phalloidin, and photographed using a confocal microscope (Zeiss LSM 510). Morphology of Saos-2 and HGF cells was characterized by SEM. Cells were seeded on polymer-coated glass surfaces at densities of 15,000 cells/cm 2 in complete growth medium. After 48 h, cells were washed with HBSS and fixed in 2% gluteraldehyde solution followed by dehydration in increasing alcohol concentrations, dried with critical point-dryer (Tourismis Autosamdri V R 2815B), and imaged with a scanning electron microscope (FEI Quanta 200 FEG).
Viability of Saos-2 cells
Polymer-coated or bare glass surfaces were placed in 24-well plates. Surfaces were UV sterilized prior to experiments. Cells were seeded on surfaces at densities of 15,000 cells/cm 2 in complete growth medium. Viability and proliferation experiments of cells on surfaces after 24 and 48 h of incubation were performed using in vitro toxicity assay kit-MTT (Sigma) according to manufacturer's protocol. Absorbance of dye was measured at a wavelength of 570 nm with background subtraction at 690 nm by SpectraMax M5 Multi-Mode Microplate Reader.
Statistical analysis
Cell adhesion, viability, and spreading on surfaces were analyzed in triplicate (n 5 3) and all the statistical analyses were obtained in three independent experiments. Error bars represent standard error of the mean. Statistical significance was determined using one-way or two-way ANOVA depending on the experiment with a confidence interval of p < 0.05.
RESULTS AND DISCUSSON
Fabrication and characterization of polymer thin films Surface chemical composition, roughness, and wettability have substantial effects on the attachment, proliferation, and morphological characteristics of cells. Seven different polymer surfaces with various topographies and wettabilities were synthesized: polyvinyl alcohol (PVOH), polystyrene (PS), high density polyethylene (HDPE) polymers; polypropylene polyethylene (PPPE) co-polymer; sulfonated polystyrene (PS-S); PS/HDPE blend and PPPE/PS blend with EtOH as non-solvent. Equilibrium (h e ), advancing (h adv ), and receding (h rec ) water contact angles were measured by a contact angle meter, and surface roughness by profilometry (Supporting Information Table S1 ). Equilibrium water contact angles measured for pure PVOH, PS, HDPE, and PPPE were found to be similar to those reported in the literature for these polymers. [26] [27] [28] [29] Contact angle hysteresis (CAH), which is an indicator of surface heterogeneity and is observed when the system does not meet the ideal conditions, was calculated by subtracting h rec from h adv . CAH values were found to range between 10 and 32 . PVOH surface was the most hydrophilic one due to the presence of hydroxyl groups. PS-S film was more hydrophilic than PS because of surface sulfonation; moreover, CAH value of PS-S film was two times higher than that of PS surface due to surface heterogeneity.
Surface morphologies of the coatings were determined by optical microscopy and SEM imaging. Pure PVOH, pure PS, and PS-S surfaces showed rather smooth topographies as they looked flat under SEM for 40,0003 magnification. Pure PPPE film showed low amounts of roughness. Large spherulites ranging between 10 and 20 mm were observed on HDPE surface. SEM image in the inset (Supporting Information Fig. S1 ) shows nanofibrillar structures which were less than 1 mm. Thicknesses of PS and PS-S films were around 1.5-2 mm, and PVOH was less than 1 mm which were calculated by measuring the increase in sample weight after preparation. Phaseseparated polymer thin films exhibited micro-structures with various diameters. PS 50 /HDPE 50 polymer blend film contained PS micropatterns ranging between 5 and 15 mm in diameter (Supporting Information Fig. S1 ) similar to previous studies. 30, 31 As HDPE has lower molecular weight and lower surface energy than PS, HDPE tends to cover the surface of PS 50 / HDPE 50 film to minimize interface tension between polymer and air, resulting in PS microisland formation. Water contact angle of PS/HDPE surface (101 ) was in between water contact angles of PS (93 ) and HDPE (105 ). SEM and optical microscopy images of PPPE/PS (EtOH) polymer blend thin film are displayed in Supporting Information Figure S3 (PPPE 60 /PS 40 10%EtOH). Micro-patterns were stable under standard cell culture conditions for all surfaces.
Cellular behaviors on polymer thin films
For successful osseointegration of the implants, osteoblast adhesion is crucial and the formation of fibrous tissue should be prevented. To find the optimal surface for osseointegration, polymer-coated coverglass surfaces with various chemical heterogeneity, wettability, and surface roughness properties were tested for their effects on shortterm adhesion profiles of Saos-2 human osteoblast-like cell line and human gingival fibroblasts (HGFs).
Short-term adhesion is governed by weak interactions between the surface and cells. This non-receptor-mediated cell adhesion occurs via interactions such as hydrogen bonding, electrostatic, polar, or ionic interactions between molecules on cell membrane and various chemical groups on materials' surfaces. Cells were incubated in serum-free media containing 50 mg/mL cyclohexamide for 1 h in standard cell culture conditions to prevent protein interference with adhesion events and protein synthesis, respectively. As a result, extracellular matrix deposition on the surfaces was eliminated. Adhesion of Saos-2 cells had a tendency to increase with hydrophobicity [Supporting Information Fig.  S2(a) ]. Saos-2 cells adhered on hydrophobic surfaces independent from their roughness amplitude and chemistry suggesting that main factor on initial osteoblast attachment is surface wettability.
Cell adhesion on surfaces is also dependent on cell type. 32 In contrast to enhanced Saos-2 adhesion on hydrophobic surfaces, HGF adhesion does not show a distinct preference to wettability of the surfaces [Supporting Information Fig. S2(b) ]. It was also previously shown that fibroblast cells are not very sensitive to the changes in surface wettability and that they can adhere on both hydrophilic and hydrophobic surfaces. 7 The lowest HGF adhesion was observed on PPPE/PS (EtOH) surface. Surfaces coated with PPPE/PS (EtOH) supported selective osteoblast-like cell adhesion while inhibiting fibroblast adhesion.
Fabrication and characterization of PPPE/PS blend thin films
To obtain substrates with distinct morphologies; six different polymer solutions containing different PPPE/PS ratios with same EtOH amount (10%, v/v) were synthesized (Table I) . EtOH was added as a non-solvent to increase surface heterogeneity. Polymer droplets formed on the surfaces after dip coating led to formation of various morphologies that exhibited holes and rips with various diameters and different separation distances. Their contact angle and rms roughness values are presented in Table I . Surface roughness and chemical composition are two important factors that determine the wetting properties of a surface. 33 All PPPE/PS (EtOH) polymer thin films had closely similar equilibrium water contact angles. Furthermore, their h e values were comparable to those of PPPE (EtOH) surface regardless of their polymer composition ratio. This indicates that the surfaces of coverslips were enriched by PPPE copolymer during phase separation. This might be due to the lower surface free energy of PPPE (30.8 mJ/m 2 ) compared to PS (40.6 mJ/m 2 ); hence, PPPE enrichment decreased the free energy of surfaces. Surface free energies were calculated using van Oss-ChaudhuryGood method. 34 Surface characterizations of the polymer compositions were performed with optical microscopy and SEM (Fig. 1) . Because of the immiscibility of two polymers, islands-which were single protrusions of micropatternswere formed to minimize the contact surface. Diameters of micro-structures ranged between 2.5 and 10 mm depending on the PPPE/PS composition. PS (EtOH) film was smooth whereas PPPE (EtOH) film had little roughness. Combination of these results indicates that PPPE/PS (EtOH) surfaces had a PPPE matrix with PS micro-structures. The overall characteristics of PPPE/PS (EtOH) surfaces showed that micro-islands formed by PS polymer determined surface roughness; however, coverslips were covered with PPPE upper layer which determined their water contact angle values. In addition, PPPE 60 /PS 40 polymer solutions containing various EtOH amounts (4%, 10%, 14%, 18% v/v) were synthesized to analyze the effect of EtOH as non-solvent (Supporting Information Table S2 ). For PPPE 60 /PS 40 polymer thin films, increasing the amount of EtOH increased CAH value, indicating an increase in surface heterogeneity. Optical microscopy and SEM images of these surfaces are presented in Supporting Information Figure S3 . The diameters of micro-structures ranged between 5 to 18 mm.
Cellular behaviors on PPPE/PS thin films
Viability of Saos-2 cells on PPPE/PS (EtOH) thin films was determined 24 and 48 h after cell seeding in complete medium (Fig. 2) . Cell numbers were normalized to bare coverglass surface at 24 h. After 24 h, there was no significant difference between the numbers of cells on any polymercoated surfaces and bare glass. After 48 h, Saos-2 cells showed significant increase in cell number on all surfaces excluding PS (EtOH). Relative cell number did not change on PS (EtOH) surface after 48 h. These results indicate the compatibility of the surfaces. Adhesion of Saos-2 and HGF cells on pure polymers and phase-separated polymer thin films was assessed to analyze the effect of surface topography and chemical composition on cellular attachment. Initial adhesion resulted in serumfree media is shown in Figure 3 . On heterogeneous PPPE/ PS (EtOH) thin films, Saos-2 adhesion profiles varied depending on PPPE/PS ratio. Saos-2 adhesion was enhanced most significantly on PPPE 50 /PS 50 (EtOH) surface. Relative Saos-2 adhesion was observed to decrease with decreasing fractions of PS on the surface. However, cell adhesion also decreased 1.46 6 0.19 and 3.87 6 0.16 times when PS fraction was 70% and 100%, respectively (Fig. 3) . Whereas, the only significant increase in HGF adhesion was observed on PPPE 50 /PS 50 (EtOH) surface (Fig. 3) . The results indicate that initial cell attachment of both cell types was enhanced on PPPE 50 /PS 50 (EtOH) polymer blend surfaces when compared to other groups. All surfaces showed positive selectivity towards Saos-2 attachment as the relative Saos-2 adhesion showed between 3.31 6 0.04 and 9.43 6 0.11-fold increase when compared to relative HGF attachment.
Initial adhesion of Saos-2 and HGF cells was also evaluated on PPPE 60 /PS 40 polymer surfaces with various amounts of EtOH (Supporting Information Fig. S4 ). Although all surfaces showed positive selectivity towards Saos-2 cells, increase in EtOH amount did not cause significant changes in neither Saos-2 nor HGF adhesion for the same chemical composition.
Initial adhesion of cells on the surfaces is followed by deposition of ECM biomacromolecules on material surfaces by cells, which in turn are recognized by membrane proteins. Recognition of specific bioactive ligands presented by the extracellular matrix layer on material's surface through receptor recruitment stimulates intracellular processes and interactions of these receptors with cytoskeletal elements which in turn determine cell spreading behaviors of attached cells. 35 To analyze spreading behaviors of cells, their cytoskeletal organization on polymer thin films was visualized by F-actin staining. On the 48th h of post seeding, Saos-2 cells showed highly oriented actin filaments with stress fibers running in all directions on all surfaces (Fig. 4) . To further investigate cell morphologies on the materials, SEM imaging was conducted (Fig. 5) . Saos-2 cells displayed their typical morphology on all surfaces. Surface patterns are not visible due to protein adsorption and post-fixation steps.
HGF cells presented normal spindle-shaped morphology on all surfaces after 48 h (Supporting Information Fig. S5 ). Although initial attachment of HGF cells in serum-free media was not supported by PPPE/PS 1 EtOH surfaces, they presented a normal morphology after longer periods of incubation. This suggests that the orientation of adsorbed protein layer and the presented ligands on the surfaces might support HGF adhesion and determine the morphology of HGF cells in long-term.
CONCLUSIONS
In this work, we showed how the changes in physicochemistry of materials led to significant differences in short-and long-term adhesion of different cell types. Various wettabilities, micro-scales, and chemical compositions were acquired with different polymer thin films prepared using phase separation method with dip-coating. Osteoblast-like cells (Saos-2) and fibroblasts (HGF) were used as model systems for assessing suitability of surfaces as implant coatings. Although they are more mature and do not reflect the whole phenotypic properties of primary cells, Saos-2 cells show many advantages like easy handling and maintenance; moreover, their cytokine and growth factor expression levels are similar to human primary osteoblasts which make them good candidates for tissue engineering studies. 36, 37 We found that initial Saos-2 adhesion was enhanced with the increase in hydrophobicity and chemical heterogeneity. The same conditions did not support HGF initial attachment. The key fundamental properties of scaffolds used as implants are good adhesion capabilities with the desired cells, good mechanical properties, and stability. 38 The main challenge in surface modification for implants comes when the surface is exposed to human body environment. However, many successful applications have previously been shown with case studies dealing with orthopedic and dental coatings. 39, 40 This study showed that using cheap and easy to prepare heterogeneous polymers, we can create cell selective surface coatings that are able to induce appropriate cell-surface interactions. These surfaces can be used as implant coating materials that can increase success of implant osseointegration. 
